INTRODUCTION
The interferons (IFN) were discovered by Isaacs and Lindenmann in 1957 as substances that protect cells from viral infection (162) . Since then, the antiviral activities of IFN have been studied intensively. It was soon recognized that IFN have a wide range of biological functions, including antiviral, antiproliferative, and immunomodulatory properties (304, 316) . Pioneering work leading to the cloning of the interferon genes, the determination of the structures of the ligand and their receptors, and the determination of the signaling pathways and transcription of IFN-induced genes has been instrumental in the understanding of how these molecules exert their function in the cell (281, 333a) . This knowledge opened the way to the discovery of similar signaling pathways in the cytokine family. Among the molecules with important biological functions induced by IFN is the double-stranded RNA (dsRNA)-dependent protein kinase (PKR), an enzyme with multiple effects in cells, which plays a critical role in the antiviral defense mechanism of the host (42, 171, 305, 376, 377) .
PKR was discovered after it was observed at the National Institute for Medical Research, London, United Kingdom, by the groups of Metz and Kerr that cell extracts prepared from IFN-treated vaccinia virus-infected cells, which are known to have restricted translation of viral and cellular mRNAs in cultured cells (244) , were exquisitely sensitive to a translational block after addition to a cell-free system of the exogenous mRNA (99) and of the synthetic form of dsRNA, poly(rI) · poly(rC) (pIC) (190) . These seminal studies led to the identification of a protein with dsRNA-dependent kinase activity (296, 317) , now known as PKR (43) , which was later cloned (245) after the laboratory of Hovanessian prepared specific antibodies for PKR purification and partial sequencing (211) . The research attempting to define the mechanism by which dsRNA inhibits protein synthesis led to the discovery of another important enzyme, the 2Ј,5Ј-oligoadenylate synthetase (158) . PKR is the most-studied member of the alpha subunit of eukaryotic initiation factor 2 (eIF-2␣)-specific kinase subfamily (74) . It is a serine/threonine kinase, characterized by two distinct kinase activities: autophosphorylation, which represents the activation reaction, and the phosphorylation of eIF-2␣ (101, 156) , which impairs eIF-2 activity, resulting in inhibition of protein synthesis (293) . In addition to its translational regulatory function, PKR has a role in signal transduction and transcriptional control through the IB/NF-B pathway (201) . PKR, which is expressed constitutively in mammalian cells, has also been implicated in the control of cell growth and proliferation with tumor suppressor function (198, 224, 246) .
PKR is encoded from a single gene located on human chromosome 2p21-22 and mouse chromosome 17E2 (12, 200, 331) . The human Pkr gene consists of 17 exons, whereas the mouse gene has 16 (200, 350) . In mice, three PKR transcripts with tissue-specific differential expression have been described, but their molecular basis and functional significance remain unresolved (160, 188) . Expression of PKR varies in a timeand tissue-specific manner during human fetal development; levels are imperceptible in blastema and immature mesenchymal cells but high in a variety of more differentiated tissues such as epithelial cells (141) . In adult tissues, PKR levels are low in the proliferating immature zone of squamous mucosa and increase progressively in the nonproliferating mature keratinocytes (141) .
Due to its intrinsic properties, PKR has been studied extensively to document its relevance as a first-line defense mechanism against infection and as a cell growth regulator. Numerous reviews on PKR action have been published over the years (10, 11, 118, 125, 170, 171, 180, 183, 184, 280, 305, 324, 368, (376) (377) (378) . In this review, we provide an in-depth analysis of current knowledge of this important serine/threonine protein kinase. We summarize PKR structure and function, with particular emphasis on the impact of PKR activation on translation and the signal transduction pathways it mediates. We review several effectors regulated by PKR, with special attention to the NF-B-PKR activation pathway and approaches to the identification of new effectors, regulators, and targets of PKR activation. We also examine its numerous cellular and viral regulators, highlighting the importance of PKR regulation under normal and stress conditions. We discuss the mechanisms and pathways involved in PKR-induced apoptosis and review the experimental findings that support or do not support PKR involvement as a tumor suppressor, and we discuss how it might be used as a target in anticancer therapies.
TRANSLATION REGULATION BY PKR
PKR is one of the four mammalian kinases (the others are GCN2, PERK, and HRI) that phosphorylate eIF-2␣ in response to stress signals, mainly as a result of viral infections (11, 78, 146, 376) . Phosphorylation of eIF-2␣ at residue S51 prevents the recycling of this factor that is required for ongoing translation, leading to general inhibition of translation. In addition to the kinase domain (KD) shared by the other eIF-2␣ kinases, PKR also has a dsRNA-binding domain (dsRBD) that regulates its activity. As a consequence of dsRNA accumulation in infected cells, PKR-triggered eIF-2␣ phosphorylation also inhibits translation of viral mRNA (7, 214, 216, 335) ; this constitutes the basic mechanism by which PKR exerts its antiviral activity on a wide spectrum of DNA and RNA viruses. A number of recent reports have provided insights into the mechanism of PKR activation and eIF-2␣ phosphorylation, consisting of a three-step pathway in which KD dimerization triggers autophosphorylation, in turn promoting specific recognition of eIF-2␣.
eIF-2␣ Recognition and Phosphorylation
PKR activation segment phosphorylation on Thr446 promotes substrate recognition and phosphorylation. Recent structural data from KD-eIF-2␣ crystals revealed the determinants for the exquisite specificity of PKR for its natural substrate. eIF-2␣ recognition involves bipartite interactions with the ␣G helix and the PKR phospho-acceptor-binding site located in the catalytic pocket between lobes (Fig. 1) . The ␣G helix of PKR in the surface of the C lobe of KD interacts initially with eIF-2␣ to promote a conformational change in this factor that brings the phosphorylatable S51 residue close to the PKR phospho-acceptor site for catalysis. This change in eIF-2␣ involves local unfolding of S51, which affords this residue full accessibility to the catalytic cleft of PKR (61, 80, 355) . Other eIF-2␣ kinases also have the ␣G helix in a similar orientation, suggesting a fully conserved mechanism for eIF-2␣ recognition. This allosteric mechanism of catalysis explains earlier observations that short peptides derived from the eIF-2␣ sequence containing unfold S51 were much poorer substrates than complete eIF-2␣. Given this high-order substrate recognition mechanism, the existence of another PKR substrate(s) apart from eIF-2␣ should be considered with caution. Recently, phosphorylation at tyrosine residues in PKR upon activation has been reported (337) . Phosphorylation at these tyrosine residues (Y101, Y162, and Y293) appears to influence the binding to dsRNA, autophosphorylation, and eIF-2 phosphorylation. These data support the idea that PKR is a kinase of dual specificity that also requires tyrosine phosphorylation for full-scale activation.
Impact of PKR Activation on Translation
In mammals, eIF-2 promotes Met-tRNAi delivery to the 40S ribosome to initiate polypeptide chain synthesis. eIF-2 is composed of three subunits (␣, ␤, and ␥); it binds the Met-tRNAi in a GTP-dependent manner to form the ternary complex, which joins the 40S subunit (153, 236) . Once Met-tRNAi is delivered, eIF-2 is released from the 48S initiation complex after eIF-5-promoted GTP hydrolysis (153, 236) . Inactive eIF-2-GDP complexes are continuously regenerated by GDP-to-GTP exchange in a process catalyzed by the GTP exchange factor eIF-2B. eIF-2 activity is regulated by phosphorylation at S51 of its ␣ subunit. As a consequence of eIF-2␣ phosphorylation, eIF-2 affinity for eIF-2B increases up to 100-fold, leading to competitive inhibition of eIF-2B and the resulting inhibition of translation initiation (338) . Since eIF-2B is present in limited amounts with respect to eIF-2, small increases in eIF-2␣ phosphorylation can thus lead to an exacerbated effect on protein synthesis (153) .
eIF-2␣ phosphorylation has emerged not only as the main regulation point in protein synthesis but also as a critical trigger of the stress response. This is illustrated by the existence of four eIF-2␣ kinases (PKR, GCN2, PERK, and HRI) that sensitize mammalian cells to different stress signals and allow them to respond to adverse situations (78) . Although translation of most cell and viral mRNAs is inhibited by eIF-2␣ phosphorylation, translation of few mRNAs involved in the stress response is enhanced by limited eIF-2␣ phosphorylation. This is the case for yeast GCN4 and mammalian activating transcription factor 4 (ATF-4), ATF-3, and CAT-1 mRNAs (79, 134, 232, 386) . Under nonstress conditions, translation of these mRNAs is inhibited by the presence of upstream short open reading frames (ORFs) that attract ribosomes to translate short peptides, restricting the flow of scanning ribosomes to the bona fide GCN4 and ATF-4 ORFs (78). Phosphorylation of eIF-2␣ limits the number of active 43S complexes, promoting reinitiation from GCN4 and ATF-4 ORFs. Although for most viruses, translation of their mRNAs also requires the participation of eIF-2, translation in some insect viruses (cricket paralysis virus) and alphaviruses (Sindbis virus [SV] and Semliki Forest virus) can proceed in the absence of functional eIF-2 (363, 375). Alphaviruses are a case apart from the rest of the viruses, since complete eIF-2␣ phosphorylation is detected in infected cells (363). Translation of SV and Semliki Forest virus subgenomic mRNAs resists eIF-2␣ phosphorylation by the existence of a stable stem-loop structure in the RNA downstream of the AUG codon that stalls the ribosomes on the correct site to initiate translation (Fig. 2) . To promote this, alphaviruses can alternatively use eIF-2A to deliver the Met-tRNAi and initiate translation in the presence of high levels of phosphorylated eIF-2␣ (363).
As predicted for a translation regulator, PKR is associated to ribosomes, mainly to 40S subunits (203, 401) . Ribosomal association of PKR appears to be mediated by the dsRBDs, strengthening the role of these domains in the correct regulation of PKR activity (383, 401) . Several ribosomal proteins are reported to interact with PKR, although it is still unclear whether these interactions simply anchor PKR to ribosomes or are involved in a more complex functional regulation of the kinase (203) . PKR localization in ribosomes offers a satisfactory explanation for its local activation in response to a limited stimulus, as reported by many groups (7, 18, 186, 401) . This is illustrated by the finding that PKR upregulation by IFN treatment leads to discrete eIF-2␣ phosphorylation in response to viral infection, preventing translation of viral mRNA without affecting the overall translation of the cell mRNAs. Restricted activation of PKR to sites of viral RNA synthesis and translation could thus specifically prevent accumulation of viral proteins. Although direct experimental evidence for such spatial regulation of PKR activity is still lacking, the availability of specific antibodies to PKR will allow the localization of active PKR during viral infections or other stress. In addition, PKR has been also detected in the nuclei of human and murine cells, specially when the kinase is overexpressed from transfected plasmids (172, 269) . The biological significance of PKR translocation to the nucleus is unknown, but recent data suggest that it could be involved in stress-induced apoptosis, since Two examples of mRNAs whose translation is resistant to eIF-2␣ phosphorylation. Translation of the bona fide ATF-4 ORF is induced by low levels of functional eIF-2 (eIF-2␣ phosphorylation), whereas under normal conditions (high availability of eIF-2), ribosomes initiate at upstream ORFs that lead to a premature translation halt. For SV capsid mRNA, a very stable stem-loop structure downstream of initiation codon stalls the ribosome on the correct site to initiate translation. When eIF-2␣ is phosphorylated, SV mRNA can alternatively use the translation initiation factor 2A for delivering the Met-tRNA. accumulation of phosphorylated PKR has been detected in tunicamycin-treated cultured cells and in neurons from patients with Alzheimer's disease (269) .
PKR ENGAGEMENT BY DIFFERENT SIGNAL TRANSDUCTION PATHWAYS
In addition to its well-established role as a translational regulator as discussed above, PKR is involved in signal transduction. The first indication came from the observation that chemical inhibition of PKR by using the nucleoside analogue 2-aminopurine interfered with the gene induction normally triggered by IFN (314) . The fact that dsRNA signals to activate the NF-B pathway (365) was a step towards the identification of a role for PKR as a signal transducer in that pathway (201) , although its participation was found to be more complex than initially thought, as we discuss below. In addition to mediating a critical role in response to dsRNA, thus acting as a sensor of viral infections, PKR is switched on by a set of other activators, such as proinflammatory stimuli, growth factors, cytokines, and oxidative stress. In addition, PKR integrates and transmits these signals not only to eIF-2␣ and the translational machinery but also to various factors such as STAT, interferon regulatory factor 1 (IRF-1), p53, Jun N-terminal protein kinase (JNK), and p38, as well as engaging the NF-B pathway (364, 376, 378) .
PKR Activation by dsRNA
Immunorecognition of dsRNA include Toll-like receptor 3 (TLR3) and cytosolic RNA-binding proteins such as PKR and the helicases RIGI and MDA5 (3, 181, 393) (Fig. 3) .
In nonstressed cells, PKR is in a monomeric latent state due to the autoinhibitory effect of its dsRBDs, which occlude the KD and regulate activation of the kinase (Fig. 1) . As mentioned in the introduction, PKR is activated in response to dsRNA of cellular, viral, or synthetic (such as pIC) origin. The PKR can also be activated by polyanions such as heparin, FIG. 3 . PKR is an intermediary component in TLR signaling. PKR is implicated in the LPS/TLR4-mediated pathway probably recruited by the TIRAP complex. PKR is also involved during the dsRNA/TLR3 pathway, recruited by a TAK1-containing complex. Several proteins act downstream from PKR, such as TRAF6, which has been identified downstream of PKR in the signaling cascades triggered by TLR3 and TLR4. Moreover, TRAF3 is also involved in PKR downstream events during the activation of TLR3. The activation of these pathways in turn triggers the induction of proinflammatory cytokines. RIGI/MDA5 in response to dsRNA signaling is indicated.
VOL. 70, 2006 IMPACT OF PROTEIN KINASE PKR IN CELL BIOLOGY 1037 dextran sulfate, chondroitin sulfate, and poly-L-glutamine (157) . The different dsRNA molecules are recognized and bound by PKR through the two N-terminal dsRNA-binding motifs, resulting in PKR activation and autophosphorylation (42) . The PKR dsRBDs consist of two motifs of 70 amino acids each, connected by a short, 20-amino-acid linker. These motifs are also found in other dsRNA-binding proteins, such as Staufen or RNase III, and appear to constitute an universal motif for dsRNA recognition (309) . The structure of the PKR dsRNA-binding domain was determined by nuclear magnetic resonance; it consists of two identical ␣-␤-␤-␣ folds, whereas the 20-amino-acid linker is entirely in a random-coil conformation (258, 259) . This allows the dsRBD to wrap around the dsRNA molecule for optimal protein-RNA interactions, and it offers a satisfactory explanation for length requirements for dsRNA molecules to be effective PKR activators. dsRNA molecules shorter than 30 base pairs thus fail to bind or activate PKR (238 (169, 210, 240) . One of the most striking enzymatic properties of PKR is that high dsRNA concentrations inhibit enzyme activity (238, 365) . Some endogenous molecules reported to be PKR inhibitors, such as Alu RNA, can thus efficiently activate the kinase in vitro at lower concentrations (57) . More-specific structures, such as a pseudoknot present at the 5Ј end of IFN-␥ mRNA, are reported to activate PKR, although the role of this interaction in the control of IFN-␥ synthesis remains to be analyzed (18) .
After binding dsRNA, PKR undergoes a number of conformational changes that relieve the autoinhibitory interactions of the enzyme and allow subsequent substrate recognition. Biochemical and genetic data have underscored the importance of homodimerization in PKR activation (80) . Thus, replacement of the dsRBD with an unrelated domain that is able to dimerize, such as glutathione S-transferase, constitutively activates PKR, both in vitro and in vivo (359) . Recent crystallographic data show a dimer interphase on the N-terminal lobe of the KD, so that PKR monomers associate in a back-to-back conformation in which the R262-D266 salt bridge and the Y293-D289-Y323H bond triad are involved in interlobe contacts (80) . After homodimerization, PKR undergoes rapid autophosphorylation in a stretch of amino acids termed the activation segment. Among others, residues Thr446 and Thr451 in this segment are consistently phosphorylated during activation (80, 353, 399) . This further stabilizes PKR dimerization, which in turn increases the catalytic activity of the kinase. In contrast to the case for receptor tyrosine kinases, the paradigm archetype of kinase activation, autophosphorylation of PKR monomers appears to occur in cis or through the action of one PKR dimer on another PKR dimer or monomer (61, 80) .
Whether of viral origin or pIC, dsRNA thus not only induces effects on translation but also influences various signal transduction pathways that affect different transcriptional activities. As such, PKR mediates the dsRNA-induced transcription of many genes (84, 134, 190) .
PKR Activation by TLRs
The TLR family consists of more than 10 members, which have key roles in activating the innate immune response (343) . TLR family members recognize different microbial products including lipopolysaccharide (LPS), CpG motifs characteristic of bacterial DNA, dsRNA, and peptidoglycans. The TLRs function through four TIR domain adapters (MyD88, TIRAP, TRIF, and TRAM) (24a). Subsequently, tumor necrosis factor (TNF) receptor-associated factor (TRAF) family proteins (TRAF3 or TRAF6) are engaged (128, 138, 266) , and eventually signal transduction cascades that turn on JNK, p38, IRF-3, and/or NF-B are activated. As a result, cytokines such as type I IFN or interleukin-10 (IL-10) are secreted (343) , leading to boosting of antiviral activities.
Studies of PKR-deficient mice and cells derived from these animals showed impaired responses to different TLR ligands and reduced production of proinflammatory cytokines in response to LPS, suggesting that PKR is an intermediary in TLR signaling (127) . PKR interacts with TIRAP and is phosphorylated in LPS-stimulated wild-type (wt) macrophages, suggesting that PKR is a component of the TLR4 signaling pathway (155) .
In addition, PKR is phosphorylated and activated in response to CpG (155) . CpG engages a different TLR family member, TLR9, which uses a different adapter molecule, MyD88 (155) . PKR is also engaged in dsRNA-activated TLR3 signaling, although it does not interact directly with TLR3; it is recruited by a TAK1-containing complex in response to dsRNA binding to the TLR3 receptor (174) . PKR is therefore a common component, integrating at least three TLR family members (Fig. 4) .
PKR Activation by Growth Receptors and Cytokines
PKR signals downstream of various growth factors and cytokines, such as IFN, platelet-derived growth factor (PDGF), TNF-␣, and IL-1. The interferons are known transcriptional inducers of PKR, and type I IFN (IFN-␣ and IFN-␤) are better PKR inducers than IFN-␥ (212). As mentioned above, however, transcription of human IFN-␥ mRNA is in turn selfregulated through a pseudoknot that results in local PKR activation (18) . In addition to its direct transcriptional activation by IFN-␥, PKR mediates the IFN-␥-triggered NF-B activation and c-myc expression that is STAT1 independent (72, 290) . Another context in which PKR has a role downstream of IFN-␥ signaling is in preneural cells, where it synergizes with TNF-␣ to activate NF-B by affecting IB␤ stability (54) . Overall, PKR function as a downstream mediator of IFN-␥ signaling is revealed clearly by the reduced antiviral response observed in PKR Ϫ/Ϫ mice treated with IFN-␥ (390). Analysis of TNF-␣ signaling in cells with altered PKR levels (using antisense strategies to suppress PKR expression or in PKR Ϫ/Ϫ mouse embryo fibroblasts [MEF]) showed a slight decrease in NF-B activation in the absence of PKR (202, 239) . It is noteworthy that, in contrast to the profound defects observed in response to pIC, ablation of PKR results in slight although sustained and reproducible defects in NF-B activation by TNF-␣.
PKR has also been implicated in the signal cascades initiated by several growth factors. PKR is phosphorylated in response to PDGF, activating expression of immediate-early genes such as c-fos (73, 254) . Moreover, transcriptional induction of c-fos is impaired in PDGF-treated PKR-null MEF compared to wt MEF (73) . Thus, it seems that once activated by PDGF, PKR plays a critical role in mediating phosphorylation of STAT3 on its Ser727 residue (73) . This phosphorylation is extracellular signal-regulated kinase-1/2 (ERK1/2) dependent, as it can be inhibited by treatment with a specific chemical inhibitor. Overall, PKR is a downstream mediator of PDGF action, integrating both growth-promoting and growth-inhibitory signals.
PKR also mediates IL-1 signaling, although the evidence suggests that it does so in a cell type-specific manner. For example, PKR Ϫ/Ϫ MEF show a defect in p38 activation in response to IL-1 (127) . In contrast, IL-1 treatment does not activate PKR in endothelial cells (265) . PKR also regulates the transcription of cytokines such as IL-1␣, IL-1␤, and TNF-␣. Therefore, PKR is an important mediator for regulating the coordinated induction of cytokine responses. Further investigation is needed to assign roles to different cytokines in PKR activation.
PKR Activation in Response to Cell Stress
A range of cellular stresses, such as arsenite, thapsigargin, and H 2 O 2 , can activate PKR, and the second messenger ceramide can promote PKR activation (165, 302) . Activation of PKR by all of these stimuli, as well as by others such as IL-3 deprivation, is PKR-associated activator (PACT)/RAX dependent. PACT and its mouse orthologue RAX are cell proteins that bind to and activate PKR independently of dsRNA or other molecules (165, 279) . RAX levels do not vary during cell stress, but RAX is phosphorylated, after which it binds to and activates PKR (20) . PACT/RAX therefore acts a physiological mediator that links a wide range of different cell stresses to PKR.
REGULATION OF SIGNAL TRANSDUCTION BY PKR
PKR was initially identified because of its ability to regulate translation in response to dsRNA. As mentioned above, however, several signal transduction pathways are affected by PKR. Here we outline different pathways that PKR regulates to modulate transcription.
IRF-1
The IRF family of transcription factors is composed of nine proteins that are key regulators of the innate immune response (352) . IRF-1 is a tumor suppressor, as suggested by gene deletions observed in leukemia patients (379) and from data derived from mouse models (352) . In addition, ectopic expression of IRF-1 inhibits cell growth. It was suggested that PKR can mediate the growth-inhibitory activities of IRF-1 (197) . The relationship between PKR and IRF-1 is probably more complex. IRF-1 is proposed to mediate PKR-triggered apoptosis induction (77) , as the activation of IRF-1 in response to IFN-␥ or pIC treatment is defective in PKR Ϫ/Ϫ mice (202) .
STAT
The STAT (signal transducers and activators of transcription) proteins mediate a number of biological functions and form part of the signaling cascades triggered by IFN and other cytokines (62) . One PKR mechanism for controlling IFN and dsRNA signaling pathways is the modulation of STAT function. PKR associates with STAT1 in mouse and human cells; this association is not a kinase-substrate interaction, since the STAT1 phosphorylation status is unaffected by PKR binding (381) . In addition, PKR-STAT1 complex formation is not dependent on PKR catalytic activity but requires the PKR dsRNA-binding domain. It has been suggested that PKR-STAT1 interaction results in inhibition of STAT1 DNA binding activity. PKR Ϫ/Ϫ cells are defective in STAT1 phosphorylation on Ser727, however, resulting in a fourfold decrease in STAT1-dependent transactivation (290) . Consistent with the observation that PKR does not phosphorylate STAT1 directly, the role of PKR seems to be to control a kinase cascade in which ERK2 is the kinase phosphorylating STAT1 (290) . STAT1 is also a target for PKR-mediated activation in response to LPS in glial cells (213) . PKR also associates with STAT3, and it is required for full STAT3 activation in response to PDGF (73) . STAT3 phosphorylation on Tyr and Ser residues, which is necessary for full activation, is PKR dependent. As proposed for STAT1, PKR regulates the ERK activation ultimately involved in STAT3 phosphorylation (73) .
Tumor Suppressor p53
The tumor suppressor p53 is central for sensing genotoxic stress; once activated, it mounts a transcriptional response that results in cell cycle arrest or apoptosis, depending on the cellular context. PKR can influence apoptosis in U937 cells in response to TNF-␣, correlating with the ability of PKR to induce p53 (392) . In U937 cells overexpressing PKR, inhibition of p53 expression by antisense techniques prevents TNF-␣-induced apoptosis, and p53 overexpression confers susceptibility to apoptosis. Another study showed that PKR could interact directly with the C-terminal part of p53 and phosphorylate p53 on the Ser392 residue (48) . The ability of p53 to cause cell cycle arrest and regulate transcription of target genes is impaired in PKR Ϫ/Ϫ MEF. In these cells, a minor induction of mdm2 and p21 transcripts correlates with defective phosphorylation of Ser18 in p53 (the equivalent to Ser15 in human p53). Experiments using PKR Ϫ/Ϫ MEF also hint at a role for PKR in modulating p53 function in response to adriamycin or gamma irradiation. A role for phosphatidylinositol 3-kinase in this process is suggested by studies with chemical inhibitors that diminished Ser18 phosphorylation on p53 (48) . Further studies are needed to clarify the link between PKR and p53.
MAPK Activation by PKR
Mitogen-activated protein kinases (MAPK) are evolutionarily conserved serine/threonine kinases that regulate many cell events. Mammalian MAPK are classified in several families, including ERK, p38, and JNK. These MAPK are activated by specific MAPK kinases (MAPKK): ERK by MEK1 and MEK2, p38 by MKK3 and MKK6, and SAPK/JNK by MKK4 and MKK7. These MAPKK are in turn activated by various MAPKK kinases (MAPKKK), including Raf, MLK, MEKK1, TAK1, and ASK1 (100).
JNK is expressed ubiquitously and can be activated by many types of stress, such as UV and gamma irradiation, protein synthesis inhibitors (anisomycin), hyperosmolarity, toxins, ischemia/reperfusion injury, heat shock, chemotherapeutic drugs, ceramide, T-cell receptor stimulation, peroxide, and inflammatory cytokines such as TNF. p38, on the other hand, is activated in response to cytokines such as IFN-␥, IL-1, or TNF-␣ or cell stress such as UV irradiation, osmotic shock, heat shock, LPS, and others (207) .
PKR is an activator for signaling cascades involving stressactivated protein kinases and is described as mediating JNK and p38 activation in response to specific stimuli (58, 127) . For full activation in response to LPS or cytokines such as IFN-␥, IL-1, or TNF-␣, both p38 and JNK are dependent on PKR (127) (Fig. 4) . A study using a chemical inhibitor of p38 MAPK (SB203580) showed that p38 MAPK has a critical role in IFN signaling. p38 MAPK is needed for activation of phospholipase A2 and for phosphorylation of Ser727 in STAT1 (98) (Fig. 4) . Using MEF derived from PKR-null mice, it was shown that PKR is required for p38 MAPK activation in response to dsRNA, LPS, and proinflammatory cytokines but not in response to other forms of stress. p38 MAPK is integrated in a signaling cascade and is activated directly by phosphorylation by MKK3 or MKK6 (289), whereas JNK is downstream of MKK4. Experiments using PKR Ϫ/Ϫ cells showed that PKR is upstream of MKK3 or MKK6 and MKK4 (Fig.  4) . The requirement for PKR in p38 activation is maintained in immortalized cell lines, in contrast to the case for JNK, which can be activated independently of PKR in immortalized cells (58, 127 ). An interesting insight into the role of PKR in p38 activation came from analysis of the specific requirements in response to different stimuli. The catalytic function of PKR is required in response to LPS and dsRNA, but in response to TNF-␣, PKR seems to have a merely structural role, as a noncatalytic mutant (K296R) mimics the effect of PKR in p38 signaling. As p38 MAPK is a master regulator that controls several transcription factors, such as NF-B, ATF-2, and STAT1, these transcriptional pathways are also influenced by PKR. At least to a certain extent, p38 MAPK is thus central in PKR control of these factors and in response to certain specific stimuli. Finally, although solid evidence has yet to be produced, PKR might also activate ERK, as suggested by its role in mediating STAT1 and STAT3 phosphorylation in residues located in ERK consensus sequences (73) .
ATF-3
ATF-3, a 181-amino-acid protein, is a member of the ATF/ CREB family of transcription factors, which are expressed at low levels in quiescent cells (140) . Although ATF-3 induction is associated with cell damage (139, 140) , the physiological relevance of ATF-3 induction by stress signals is not understood. The role of ATF-3 in p53-dependent apoptosis (189, 398) , and cell fate (147, 260, 346) remains controversial. ATF-3 induces apoptosis following curcumin treatment and participates in stress-induced ␤ cell apoptosis (147, 388) . ATF-3 acts as a sensor that interacts with and activates p53 under various types of stress by blocking its ubiquitination (389) . Furthermore, ATF-3 overexpression enhances caspase 3 activity (340). Overexpression of full-length ATF-3 protein in colorectal cancer has antitumorigenic properties, whereas an antisense RNA targeting ATF-3 has the opposite effect (27) . Using microarray analysis of human cells infected with a VV recombinant expressing wt PKR or the catalytically inactive form of PKR-K296R under inducible conditions, ATF-3 was recently identified as a gene that is selectively upregulated by the active PKR enzyme (134) . Activation of endogenous PKR with a VV mutant lacking the viral protein E3L (VV⌬E3L) triggered an increase in ATF-3 expression that was not observed in PKR Ϫ/Ϫ cells. Since protein synthesis was severely reduced at 16 h after VV-PKR infection, the increase in ATF-3 protein levels is possible because its translation is not affected by eIF-2␣ phosphorylation due to the special 5Ј untranslated region of the ATF-3 mRNA (134). ATF-3 can also be induced by PERK and GCN4 (173) , and is involved in PKR-induced apoptosis (134) .
NF-B
The NF-B family of transcription factors controls the expression of genes involved in immune and inflammatory responses, cell differentiation, and apoptosis, among others (115) . The human family includes NF-B1 (p50), NF-B2 (p52), RelA (p65), RelB, c-Rel, and the proteins p100 and p105. The key mechanism that regulates NF-B activation is its cytoplasmic retention mediated by interaction with inhibitory molecules of the IB family (364) . IB proteins are phosphorylated by the IKK complex at two close serine residues in response to a variety of stimuli, which tags them for ubiquitinproteasome-mediated degradation (297) . This event allows NF-B translocation to the nucleus, where it regulates transcription (115) . The IKK complex contains a structural protein termed IKK␥ or NEMO and two kinase subunits, IKK␣ and IKK␤ (114) . Another pathway that regulates NF-B activation involves NIK phosphorylation of a complex containing IKK␣, which phosphorylates p100, which once processed can activate p52/RelB target genes (286) .
The first clues suggesting a role for PKR in NF-B activation arose from observations that dsRNA could induce NF-B activity in different cell lines (365) . Subsequent experiments using the kinase inhibitor 2-aminopurine suggested a role for PKR in this process. Additional evidence came from analysis of NF-B activation following dsRNA treatment in cells lacking PKR expression. When PKR expression was downregulated using 2-5A antisense oligonucleotides, diminished NF-B activation was observed in response to dsRNA, with no significant change in the response to TNF-␣ (239) . Similarly, experiments performed with PKR Ϫ/Ϫ MEF showed that NF-B activation was impaired in response to pIC treatment (390) . As a consequence of the NF-B activation impairment, PKR Ϫ/Ϫ MEF show defects in IFN production compared with wt MEF (390) . Finally, experiments performed with human cells and VV recombinants expressing PKR in an inducible manner showed the ability of PKR to activate NF-B in the context of viral infection (116, 117) . Because the NF-B pathway plays a pivotal role in the regulation of cell growth, next we discuss mechanistic aspects of NF-B when is activated by PKR.
MECHANISM OF NF-〉 ACTIVATION BY PKR
Initial reports indicated that PKR was the protein kinase that phosphorylated IB␣ directly in response to dsRNA, based on in vivo and in vitro evidence (201) . Although PKR appears to be necessary for transducing this signal (202, 239, 390) , later evidence pointed to an indirect role for PKR in IB phosphorylation. Mutant cells lacking IKK␥ were unable to induce NF-B in response to pIC treatment (387) . Leaman et al. isolated a mutant cell line defective in dsRNA-induced NF-B activation, in which PKR activation was normal and NF-B could be activated in response to other stimuli (212).
PKR Activates the IKK Complex
Analysis of NF-B activation in response to PKR showed that IB␣ phosphorylation on serines 32 and 36 precedes its degradation and translocation of NF-B to the nucleus (116, 117) . As phosphorylation on these residues is the hallmark of IKK kinase activity, a role for the IKK complex in the process seemed obvious. The effect of IKK on PKR activation of NF-B, induced either by dsRNA or by infection with vesicular stomatitis virus (VSV), was confirmed independently by several studies using MEF lacking expression of different IKK subunits or dominant negative versions of the IKK proteins (26, 58, 116, 397) . Although NIK was initially proposed to be downstream of PKR in the IKK activation process (397), the VOL. 70, 2006 IMPACT OF PROTEIN KINASE PKR IN CELL BIOLOGY 1041 participation of NIK in this pathway seems dubious by virtue of current knowledge of IKK signaling. Although the evidence is consistent with a role for PKR in activating IKK in response to dsRNA, the nature of the PKR effect is unclear. PKR interacts physically with the IKK complex in a way similar to that observed for other kinases upstream of IKK (26, 116, 397) . Association with the IKK complex seems to involve the PKR catalytic domain, as suggested by mutational analysis (124) . Whether this interaction is direct or indirect nonetheless remains to be adequately defined.
It needs to be determined whether PKR catalytic activity is required for dsRNA activation of the IKK complex or whether PKR is merely a structural component in this process. Catalytically inactive PKR mutants (K296R) can be coimmunoprecipitated with IKK (124) . Experiments with NIH 3T3 cells suggested that a catalytically inactive PKR mutant is a poor IKK activator, but when PKR is expressed at high levels it can activate IKK efficiently (58) . Purified PKR, either wt or mutant K296R, activates the recombinant IKK␤ protein, suggesting that PKR catalytic activity is not needed in the process. These results support the hypothesis that protein-protein interaction, but not PKR catalytic activity, is needed to activate IKK.
In contrast, experiments using PKR Ϫ/Ϫ cells suggested that PKR catalytic activity is needed for IKK activation. Complementation of PKR Ϫ/Ϫ MEF with wt PKR, but not with a catalytically inactive mutant, restored appropriate NF-B (and IRF-1) activation (202) . Similar results were obtained upon expression of a battery of PKR mutants in PKR Ϫ/Ϫ cells by using VV recombinants (124) . In this setting, a direct relationship was clearly drawn between the catalytic ability of the PKR mutants and NF-B activation (124) . Based on the experiments described above, it is reasonable to consider that under normal circumstances, PKR catalytic activity is necessary to signal dsRNA-dependent activation of IKK. It is noteworthy that results that indicate only a protein-protein interaction between PKR and IKK to be necessary for activating the IKK complex were obtained under experimental conditions in which endogenous wt PKR was still present; this could confuse interpretation of the findings, as both endogenous wt PKR and the overexpressed exogenous mutants would form heterotypic complexes in association with IKK. In any event, the question as to whether PKR catalytic activity is needed for activating IKK clearly remains to be settled.
TRAFs Link PKR to IKK Activation
Several pathway-specific adapter proteins, such as members of the TRAF family, MyD88, TIRAP, and TRIF, act as mediators that link different pathways with IKK activation (4, 155, 159, 266, 374) . TRAF proteins have emerged as key signal transducers, not only downstream of TNF receptors but also in other pathways (59) . There are two putative TRAF-interacting motifs in the PKR sequence, and the viability of the PKR/ TRAF interaction was suggested by bioinformatic analysis and confirmed in vivo (122) . The interaction between PKR and TRAF2 or TRAF5 was shown to be dependent on PKR dimerization and is functionally relevant, as demonstrated in cells genetically deficient in TRAF2 and TRAF5 or after expression of TRAF dominant negative molecules. TRAF family proteins are suggested to act downstream of PKR and signal towards the activation of NF-B (122) .
The PKR/TRAF relationship does not end here, and it probably has a role in linking PKR with other signaling pathways, such as some TLR-related pathways. A complex containing TRAF6 has been identified downstream of PKR in the signaling cascades triggered by TLR3 and TLR4 (155, 174) (Fig. 3) . It was recently reported that TRAF3 is required to activate NF-B and to produce type I IFN downstream of TLR3, -4, -7, and -9 (138, 266) . In addition, TRAF3 is involved in TLRindependent antiviral responses and associates physically with PKR (266) . TRAF3 is also involved in PKR-dependent type I IFN induction, a process that requires NF-B activation as shown by the fact that TRAF3 Ϫ/Ϫ MEF do not produce type I IFN in response to VSV infection (266) (Fig. 3) . A putative complex involving TRAF3 downstream of PKR would therefore be a convergence point in the regulation of NF-B activation and type I IFN production and is consistent with the proposed model of a functional relationship between TRAF and PKR.
PKR-Independent NF-B Activation by dsRNA
At least two distinct pathways link dsRNA with NF-B activation. dsRNA is generated as a step or a by-product during viral replication and hence can be used as a perfect reporter for cells to detect viral infections. Different cell signaling pathways are activated in response to dsRNA, which eventually result in the triggering of a robust antiviral response through the production of type I IFN. At the molecular level, IFN production is boosted through the activation of several transcription factors, such as IRF-3, IRF-7, or NF-B (167).
We have already discussed the prominent role of PKR in dsRNA-dependent NF-B activation. The impaired NF-B activation in response to viral infection or pIC observed in PKR Ϫ/Ϫ MEF exemplifies the effect of PKR (202) . Although NF-B activation was largely suppressed, some NF-B activity can still be triggered by dsRNA in the absence of PKR. In addition, work with PKR Ϫ/Ϫ mice showed that they remain susceptible to VSV infection, depending on the route of virus inoculation. These observations suggest that there could be cell-specific, PKR-independent mechanisms of NF-B activation and of IFN production (7, 58) .
The search for a dsRNA receptor that senses viral infection independently of PKR resulted in the identification of one member of the TLR family, TLR3 (3). TLR3
Ϫ/Ϫ mice show impaired responses to dsRNA and pIC, whereas TLR3 expression conferred dsRNA responsiveness in dsRNA-insensitive 293 cells. The activation of NF-B triggered by dsRNA and mediated by TLR3 is PKR independent (3). Given the tissue distribution of TLR3 (179) , the presence of additional pathways to activate NF-B and produce IFN in response to dsRNA, like the recently discovered RIGI and MDA5 (181, 393) , cannot be excluded.
IDENTIFICATION OF NOVEL GENES INDUCED IN RESPONSE TO PKR
As described in the preceding section, PKR is involved in signaling various pathways that activate and engage a number of transcription factors. Since these transcription factors reg-ulate the expression of many cellular genes, it is anticipated that PKR controls the expression of multiple genes. In the following section, we describe the as-yet-limited efforts to uncover the gene expression profile associated with PKR activation in uninfected and virus-infected cell systems by using microarrays. Similar approaches have led to identification of hundreds of genes whose expression is regulated in response to IFN (76, 329) , such as genes regulated by the 2Ј-5Ј oligoadenylate synthetase, the enzyme that activates the RNase L protein through the production of 2Ј-5Ј-linked oligoadenylates in response to dsRNA (237) .
Genes Induced by PKR in the Absence of Viral Infection
A global approach to identifying cellular genes induced by PKR expression was first taken by Donze et al., using murine cells expressing PKR in a tetracycline-inducible manner (84) . This effort identified NF-B-dependent genes induced by PKR. Interestingly, they also showed distinct PKR-mediated signaling. Upregulation of survival genes such as those for c-IAP1, c-IAP2, and A20, which are NF-B dependent, occurs soon after PKR activation, but cells ultimately die by PKRtriggered apoptosis, concomitant with upregulation of other mRNAs such as those of GADD34/MYD116 and GADD153/ CHOP, whose induction is dependent on eIF-2␣ phosphorylation. Similar studies by Ung et al., who used human cells expressing a Gyrb-PKR fusion that dimerizes and is activated following coumermycin addition (359), identified 22 induced genes, some of which encode proteins involved in apoptosis, such as GADD45A, GADD45B, BIK, and IRF-1, highlighting the importance of transcriptional regulation in PKR-induced apoptosis.
Genes Induced by PKR during Viral Infection
The studies described above investigated the transcriptional profile associated with PKR activation in the absence of viral infection. To define the cell transcriptional response after PKR expression in virus-infected cells, IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible VV recombinants expressing wild-type PKR (VV-PKR) or the Lys296Arg mutant PKR (VV-PKR-K296R) were used (134) . Of the 15,000 human genes analyzed, 111 showed changes specifically dependent on PKR catalytic activity; of these, 97 genes were upregulated and 14 downregulated. Nine of the genes activated encode cytoskeletal proteins involved in cell adhesion, 3 have a role in immune modulation, and 19 have metabolic and signaling functions. In addition, 21 of the upregulated genes are implicated in transcription and 11 in translation functions. PKR upregulates the expression of two proteasome subunits, PSMD8 and PSMA7, both of which are involved in antigen peptide production. PKR also induces major histocompatibility complex class I (human leukocyte antigen subtypes) and class II molecules, such as the coactivator of the immune complex, ␤2-macroglobulin. This protein coordinates the activation of immune effector cells and is important for a robust, long-lasting immune response against infectious agents (221) .
Although Hsp70 is known to be induced following VV infection (175, 313) , after VV-PKR infection the microarray data showed downregulation of several heat shock protein family genes, including those for Hsp10, Hsp40, and Hsp70. Hsp70 is an antiapoptotic chaperone protein (251) that inhibits mitochondrial release of cytochrome c and blocks procaspase 9 recruitment to the apoptosome complex (16) . These results suggest that PKR might induce apoptosis by upregulating apoptotic genes and downregulating antiapoptotic genes (133) . The identification of nine upregulated genes with roles in apoptosis concurs with a role for PKR in the apoptotic response to viral infection. One of these genes is that for ATF-3, as we described above. These findings provide new insights into specific mechanisms used by PKR and indicate that during infection PKR produces transcriptional alteration in genes of various pathways, coordinating PKRregulated apoptotic functions.
MODULATION OF PKR ACTION BY CELL AND VIRAL PROTEINS
The biological importance of PKR function is further indicated by the existence of a multitude of cellular and viral regulators of PKR action ( Fig. 5; Table 1 ).
Modulation by Cell Proteins
We next describe the characteristics of the cellular inhibitors of PKR that have been identified thus far, with the view that new molecules will emerge in the coming years. IPK interacts directly with PKR and inhibits its kinase activity by preventing dimerization. Influenza virus partially evades the host antiviral response by recruiting p58 IPK to repress PKR-mediated eIF-2␣ phosphorylation (219, 220) . In the absence of viral infection, p58
IPK overexpression results in malignant transformation (14) . Although the exact mechanism has not been defined, it has been suggested that p58
IPK transforms cells by interfering with PKR-regulated pathways. PKR inhibition by p58 IPK can stimulate cell growth by disrupting PKR-dependent control of mRNA translation and by blocking PKR-dependent apoptosis (102) .
TRBP. The trans-activation response (TAR) RNA-binding protein (TRBP) is a cellular RNA-binding protein isolated by its ability to bind human immunodeficiency virus type 1 (HIV-1) TAR RNA (110, 111) . Proposed TRBP functions include inhibition of PKR activation, regulation of cell proliferation, PKR-independent translational activation, modulation of HIV-1 gene expression through its association with TAR, and the control of mRNA translation . (9, 19, 86, 274, 327) . TRBP facilitates VV protein synthesis in cells infected with a virus mutant lacking the E3L gene (274) . Like TRBP, PKR also binds TAR RNA. This RNA activates and inhibits PKR at low and high concentrations, respectively. However, why TAR RNA activates PKR in some studies (35, 88, 193, 318) but not in others (135, 136) remains unexplained. These discrepancies are probably related to the purity of the TAR RNA preparations. TRBP is thought to inhibit PKR function by competing for common RNA substrates. In addition, TRBP and PKR form a complex through direct protein-protein interaction through their dsRBDs (60), preventing PKR activation. Recent data indicate that low TRBP levels support an innate HIV-1 resistance in astrocytes by enhancing the PKR antiviral response, which suggests a major role for TRBP in viral expression (268) . Like that of the p58 PKR inhibitor, TRBP overexpression results in malignant transformation (19) . Interestingly, TRBP is described as a dsRBD protein partner of human Dicer, which is required for optimal RNA silencing mediated by siRNA and endogenous micro RNA (137) .
Glycoprotein p67. The glycoprotein p67 was identified first as a component that copurified with eIF-2 fractions (63) and later as a methionine aminopeptidase 2 (358); recent studies with mammalian cells demonstrate a link between these two properties (65, 68) . p67 inhibits eIF-2␣ phosphorylation from its kinases HRI, PERK, GCN2, and PKR, although the molecular mechanisms involved are still unclear (66) . p67 has several O-linked N-acetyl-␤-D-glucosamine (GlcNAc) residues that are critical for its inhibition of eIF-2␣ phosphorylation (67) . There is correlative evidence that p67 has a role in control of protein synthesis (52) . p67 expression rescues BSC-40 cells from the antiviral effects of PKR induction following VV infection, and the PKR-mediated translational block is specifically abrogated by p67. These effects correlate with p67 protection of eIF-2␣ phosphorylation and, in part, with inhibition of PKR-mediated activation of NF-B, supporting the concept that p67 is an in vivo modifier of PKR activity (120) .
NPM. Nucleophosmin (NPM) (also known as B23) is an abundant and ubiquitously expressed nucleolar phosphoprotein implicated in ribosome biogenesis (163, 267, 382) . It binds nucleic acids (87), has intrinsic RNase activity (310) , and also acts as a molecular chaperone (339) shuttling between the nucleus and cytoplasm (24) . NPM has also been implicated in the acute response to environmental stress and controls cell proliferation (44, 163, 382) . NPM is frequently overexpressed in tumors of diverse origin (50, 262) , and it is translocated in lymphomas and leukemias (96, 250) . NPM interacts with PKR, inhibiting eIF-2␣ phosphorylation and PKR-mediated apoptosis (273) . It was suggested that the capacity of NPM to inhibit PKR activation could explain how NPM promotes cell proliferation and suppresses the apoptosis pathway (273) . The Arf/mdm2/p53 pathway was recently linked to PKR, since NPM was suggested to mediate the antiviral activity of the tumor suppressor ARF via PKR (108) .
MDA7. Melanoma differentiation-associated gene-7 (Mda7) is a tumor suppressor gene with limited homology to the pleiotropic homodimeric cytokine IL-10 (40, 97). Pataer et al. reported that MDA7 protein interacts physically with PKR, leading to the rapid induction of PKR and activation of its downstream targets, resulting in apoptosis induction in human lung cancer cells (276, 277) . Overexpression of Mda7 with an adenoviral vector induces apoptosis in cancer cells, but not in normal cells, through activation of multiple signal transduction pathways (247, 275, 276, 306) . Direct interaction between PKR and MDA7 may be important for PKR activation and apoptosis induction, probably through MDA7 phosphorylation or activation of other downstream targets.
Heat shock proteins Hsp90 and Hsp70. Correct PKR folding depends on the chaperone 90 and its cochaperone p23, but subsequent binding of PKR to Hsp90 has an inhibitory effect on its activation (83) . The anticancer drug geldanamycin, an inhibitor of Hsp90, disrupts the interaction of the PKR-Hsp90-p23 complex, allowing PKR activation. Similar to Hsp90, Hsp70 binds to PKR, inhibits PKR phosphorylation, and pre- (165, 279 ) that belongs to the family of dsRNA-binding proteins and has three dsRNA-binding domains. Domains 1 and 2, located at the N-terminal side of the protein, not only mediate dsRNA binding but also are involved in the direct interaction of PKR with the N-terminal domain (282) . In contrast, PACT domain 3, located at its C terminus, does not bind dsRNA but binds weakly to the PKR kinase domain and activates it (229) . Although in vitro analysis shows that domain 3 of PACT is sufficient to activate PKR, all three domains are needed for efficient PKR activation in vivo (282). As mentioned above, different stresses trigger PACT phosphorylation (20) , and only then does PACT bind and activate PKR (165, 278, 282) . PACT might thus be involved in PKR activation in uninfected cells. PACT also has a role in viral infection. Newcastle disease virus utilizes PACT as a host factor (166) , and some viral proteins inhibit PACT, such as HSV type 1 (HSV-1) Us11 protein (283) and influenza virus protein NS1 (227) . Recently, PACT was shown to form a complex with Dicer, among other proteins, raising the possibility that PACT has a role in RNA silencing (312) .
Modulation of PKR Activation by Mammalian Viruses
Since the IFN-induced cellular antiviral response is the primary defense mechanism against virus infections, many viruses have developed a means to counteract the induction or effects of IFN (131) . Viruses use a number of strategies to counteract dsRNA-dependent pathways and specifically to avoid the deleterious effects of the PKR and 2Ј-5Ј oligoadenylate synthetase/RNase L system. There are viral proteins that interfere with these pathways at different levels, by inhibiting PKR activation, sequestering dsRNA, inhibiting PKR dimerization, synthesizing PKR pseudosubstrates, activating antagonist phosphatases, or degrading PKR. Viral PKR inhibitors of different virus families are described below and listed in Table 1 .
These viral inhibitors are normally expressed from the onset of infection to maintain PKR inactive until the virus cycle is completed. Elimination of PKR inhibitors from these viruses generally has a severe impact on virus replication and pathogenesis. Viruses disarmed of PKR inhibitors usually replicate at lower levels than wild-type virus in normal cultured cells and show an attenuated phenotype in animals. These viruses can replicate more efficiently in several tumor cell lines. With defects in the IFN system, however, there is an added advantage for the use of viruses to destroy tumor cells. In some cases, such as in VV infection, elimination of the E3L gene alters virus tissue tropism in mice, indicating that the PKR-based antiviral defense can operate preferentially in specific cell types or tissues (210).
Herpesviruses. (i) HSV-1.
The HSV-1 ␥34.5 protein is a critical determinant of in vivo virulence (56, 235, 360) . In a strict sense, the ␥34.5 protein is not a PKR inhibitor but inhibits PKR downstream effects. ␥34.5 has homology to the cellular GADD34 protein (248) and blocks the PKR-mediated translational shutoff. ␥34.5 recruits the cellular protein phosphatase 1 and forms a high-molecular-weight complex that dephosphorylates eIF-2␣ (150) (151) (152) . Consistent with these findings, an HSV-1 mutant lacking ␥34.5 is virulent in PKR knockout mice but not in wild-type mice (222) . The premature cessation of protein synthesis observed in cells infected with the ␥34.5 null mutant can be prevented by another HSV-1-encoded PKR inhibitor, the Us11 protein. Us11 is a dsRNAbinding (176, 191, 252) ribosome-associated protein of HSV-1 (299) that can interact directly with PKR (38, 287) , preventing its activation in response to dsRNA and PACT (283) .
(ii) Human herpesvirus 8 (KSHV). The human herpesvirus 8 (Kaposi's sarcoma herpesvirus [KSHV]) genome encodes two proteins that interfere with PKR action, vIRF-2 and LANA2. The IRF-like protein vIRF-2 inhibits the antiviral effect of IFN and rescues translation of VSV mRNA. vIRF-2 interacts physically with PKR and inhibits its autophosphorylation, thus avoiding the phosphorylation of eIF-2␣ (33) . LANA2 (previously known as vIRF-3) shows homology to cellular IRF-4 and KSHV vIRF-2 (295). LANA2 is a nuclearcytoplasmic shuttling protein with a CRM1-dependent export signal (255) . This protein functions as a dominant negative mutant of both IRF-3 and IRF-7 and inhibits virus-mediated transcriptional activity of the IFNA promoter (234) . Moreover, LANA2 expression inhibits apoptosis and the PKR-mediated translational block. No interaction has been observed between LANA2 and PKR. LANA2 inhibits PKR-induced activation of caspase 3 but not of caspase 9, suggesting that the FADD/ caspase 8 pathway is affected by LANA2 inhibition of PKRinduced apoptosis (93) .
(iii) EBV. Epstein-Barr virus (EBV) establishes a persistent infection and constitutively expresses several gene products, including EBER-1 and EBER-2 RNAs (321). Several recent studies have addressed the possible mechanisms of action of these nontranslated RNA species, and there is increasing evidence for the importance of EBER-1 as a player in the strategy by which EBV transforms cells (41) . EBER-1 inhibits PKR in vitro protein kinase activity because it competes with dsRNA activators for binding to the enzyme (321) . Consistent with this mode of action, EBER-1 expression protects against inhibition of protein synthesis, NF-B activation, and IFN-induced apoptosis (208, 257) . Comparison of EBER-positive and -negative viruses demonstrated that the small RNA contributes significantly to the efficiency of EBV growth transformation of B cells (385) . Ribosomal protein L22 competes with PKR for binding to RNA, thereby halting the PKR inhibition by EBER-1 (89) . As a result of this competition, L22 interferes with the ability of the small RNA to inhibit PKR activation by dsRNA, suggesting that L22 may exert a protective effect in vivo against the transforming potential of EBER-1 and EBV. Moreover, EBV codes for the SM protein, which is expressed early in the EBV lytic cycle and has homology to the dsRNAbinding domain of the HSV-1 Us11 protein. SM protein binds dsRNA and associates physically with PKR, preventing its activation (287).
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Poxviruses. (i) VV. In most cell lines tested, VV is relatively resistant to the antiviral effects of IFN (271) . In addition, VV is able to rescue the replication of IFN-sensitive viruses such as VSV and encephalomyocarditis virus (EMCV) following coinfection (270) . Earlier findings suggested that VV resistance to IFN was related to an interference between the virus and the IFN system (270, 271) . Two virus-induced activities, an ATPase and a phosphatase, were proposed to act as inhibitors of IFN-induced enzymes, PKR and the 2-5A system; the role of ATPase I in VV resistance to interferon was documented with these mutants (81) . Later studies showed a more complex situation, with the VV genome encoding secreted proteins that bind to receptors and ligands of cytokines and chemokines (2, 341) , and at least two proteins, K3L and E3L, with the ability to inhibit intracellular IFN-induced pathways. The K3L protein is expressed early in VV infection. K3L protein binds directly to PKR in vitro (36, 46) , and yeast two-hybrid interaction assays have localized the K3L protein-binding site to the C-terminal half of the PKR kinase domain (45, 105) . Competition binding experiments and sequence homology between K3L and the N-terminal one-third of eIF-2␣ (72% similarity and 28% identity) suggest that PKR recognizes K3L and eIF-2␣ by a common mechanism (322) . In this way, K3L protein inhibits autophosphorylation of PKR (36) , blocking the subsequent inhibition of protein synthesis (36, 70, 187) .
The role of the E3L gene as an inhibitor of apoptosis was first detected after infection of HeLa cells with an E3L deletion mutant of VV (215) . The VV E3L gene encodes two proteins, p25 and p20 (373) , expressed early in infection (395) . E3L is a host range gene, necessary for efficient VV replication in several cell lines (15) , and is required for VV pathogenesis (30) . The E3L protein is a dsRNA-binding protein (69) . The carboxy-terminal domain of E3L encodes the conserved motif that binds dsRNA. The N-terminal domain, required for neurovirulence (29) , is suggested to be involved in the direct inhibition of PKR activation, nuclear localization, and Z-DNA binding (30, 196, 209, 300, 395) . E3L inhibits activation of PKR, 2Ј,5Ј-oligoadenylate synthetase, and adenosine deaminase A-to-I among other dsRNA-dependent proteins, by binding to and sequestering dsRNA molecules (51, 230, 294, 326) . E3L also inhibits PKR by direct interaction with PKR, leading to heterodimer formation (300, 320) . Results obtained in our laboratory showed that E3L expression in NIH 3T3 cells conferred antiapoptotic and oncogenic properties (109) . The role of E3L in inhibition of the IRF-3 and IRF-7 IFN transcription factors (330) , the importance of the Z-DNAbinding domain in E3L activity as a viral transactivator (206) , and E3L inhibition of PKR are all important determinants in the pleiotropic effects exerted by E3L.
(ii) MCV. Unlike most poxviruses, molluscum contagiosum virus (MCV) lacks homologues of the E3L and K3L proteins. MCV nonetheless encodes another set of specific molecules, such as MC159L, that control host defenses. This protein is not a direct inhibitor of PKR, since it does not associate with PKR and cannot block PKR-induced phosphorylation of eIF-2␣. MC159L expression nevertheless inhibits apoptosis triggered by PKR through death receptor-mediated pathways. In addition, MC159L expression inhibits NF-B activation induced in response to PKR (123) .
Orthomyxovirus: influenza virus.
A key role has been attributed to the viral NS1 protein in modulating expression of cell and viral proteins during influenza virus infection. The NS1 protein anti-IFN properties map to its dsRNA-binding domain, which is able to inhibit diverse dsRNA-activated antiviral pathways (345, 371) . By this mechanism, the NS1 protein prevents IFN-␣/␤ synthesis, as well as activation of the antiviral enzyme PKR (23, 148, 233) . It was also suggested that NS1 can inhibit PKR in a dsRNA-independent manner, by forming complexes between the NS1 protein and PKR (348) , although direct interaction of NS1 and PKR remains controversial (95) . It was recently shown that, through its cellular activator PACT, NS1 can prevent PKR activation (227) . NS1 and the cellular p58 IPK protein (see above) are the proteins used by influenza virus to inhibit IFN and PKR action. It worthy noting, however, that the protein synthesis shutoff induced by influenza virus infection is independent of PKR activity (402) .
Retrovirus: HIV-1. HIV-1 encodes Tat, a highly conserved transcriptional transactivator, that is expressed early in the viral life cycle and is essential for viral replication and progression to disease (49, 177) . Tat activates transcription from the HIV-1 long terminal repeat by binding to the TAR RNA. Productive HIV-1 infection results in a significant decrease in PKR levels (301) . HIV-1 Tat protein acts as a substrate homologue of eIF-2␣, preventing the phosphorylation of this factor and allowing protein synthesis and viral replication to proceed (28, 34, 243) . In addition Tat interacts with and is phosphorylated by PKR, resulting in a tighter binding of Tat protein to TAR RNA, which regulates Tat-mediated transcriptional activity (90) . It has also been suggested that Tat-mediated induction of IL-10 is associated with PKR activation (225) . These findings indicate the intricate relationship between HIV-1 and PKR.
Flavivirus: HCV. Previous studies identified the hepatitis C virus (HCV) core protein, E2, and NS5A as IFN antagonists and PKR inhibitors. The nonstructural HCV protein NS5A inhibits IFN antiviral activity by binding to PKR through the IFN sensitivity-determining region (ISDR) and its adjacent region, the PKR-binding region (106, 107, 349) . Sensitivity to IFN therapy in HCV patients correlates with the ISDR sequence (91, 92, 311) . The selective pressure evoked on HCV quasispecies during IFN therapy appears to vary among patients, however, and the ISDR locus per se does not function in a manner consistent with it having a major role in mediating IFN resistance (103) . Moreover, recent studies suggest that initial IFN production may be active when HCV proteins, including NS5A, are expressed (39, 129, 315) . The oncogenic potential of HCV has also been attributed to the ability of NS5A to bind PKR and inhibit its PKR (104, 113, 126, 261 ). An in vitro study showed that a 12-amino-acid sequence in the HCV-1b E2 gene is also able to interact with PKR and inhibit its activity through the sequence homology with the PKR autophosphorylation site and with the eIF-2␣ phosphorylation site (354) . It is postulated that this motif, termed PePHD, is involved in the mechanisms of in vivo resistance to therapy, and its variability may account for cases of positive response. Clinical studies have nonetheless generated controversial data (112, 307, 308) . The reasons for these discrepancies are difficult to explain, although differences among studies in patient selection and in viral analyses are considered possible explanations (349) .
Reovirus. Mammalian reoviruses express a dsRNA-binding protein, the S4-encoded major outer capsid 3 protein, which competes with PKR for the dsRNA activator (22, 168, 394) . The resistance conferred by the capsid 3 protein is certainly incomplete, however, since mammalian reoviruses are not protected against high levels of PKR activity, as found in most untransformed cells and in IFN-treated cells. Avian reoviruses express the A protein, which has much stronger dsRNA-binding affinity than 3 and interferes efficiently with PKR function (130, 242) , corresponding with lower IFN sensitivity of avian in comparison with mammalian reoviruses (242, 334, 373) .
ROLE OF PKR IN APOPTOSIS INDUCTION
As we initially described for the VV system, activation of PKR triggers apoptosis (118, 215) . Apoptosis is an intrinsic genetic program in multicellular organisms, which implements the ordered removal of damaged or unwanted cells during development and in adult life. Deregulation of the apoptotic process can lead to pathological conditions such as cancer, autoimmunity, and neurodegeneration (132, 347) . Several proteins are implicated in triggering cell death in response to dsRNA and viral infections, among them the 2-5A system and PKR (38a, 399a).
PKR Mediates Apoptosis Induced by Different Stimuli
Induction of apoptosis is a common response to viral infection. Although it may represent an antiviral mechanism that acts by rapidly eliminating infected cells and preventing viral spreading, virus-induced apoptosis can also have important pathological implications. The first evidence that PKR was involved in apoptosis was obtained with HeLa cells by using a VV recombinant vector that expressed the enzyme under inducible conditions (215) . The role of PKR in apoptosis was reinforced by studies carried out with 3T3 cells expressing a noncatalytic mutant PKR or using MEF derived from PKR Ϫ/Ϫ mice (77, 333) .
Since then, it has been clearly demonstrated that PKR mediates the apoptosis induced by several viruses. In the case of poxviruses, dsRNA produced as a result of symmetrical transcription from late genes during VV infection is the most probable inducer of apoptosis (192) . As mentioned above, however, several dsRNA-dependent pathways (the 2-5A system among them) can induce apoptosis in response to dsRNA or viral infection. PKR and the 2-5A system can induce apoptosis independently, as RNase L is able to induce apoptosis in PKR ϩ/ϩ and PKR Ϫ/Ϫ cells (82) . Although PKR expression induces RNase L activation through an unknown mechanism (294), it can also induces apoptosis in RNase L Ϫ/Ϫ cells. A role has also been suggested for PKR in influenza-triggered apoptosis. HeLa cells expressing dominant negative PKR mutants are more resistant to cell death during influenza virus infection (344) . Influenza virus infection of HeLa cells causes upregulation of Fas transcription, resulting in apoptosis induction (370) . NF-IL-6 appears to be involved in the upregulation of Fas mRNA. NF-IL-6 activity increases after influenza virus infection, and the Fas promoter has several NF-IL-6 sites (344) . PKR also mediates the cell death provoked by infection with the picornavirus EMCV. U937 cells stably expressing an antisense mRNA targeting PKR are less susceptible to cell death caused by EMCV infection (391) . PKR downregulation in cells transformed from highly cytolytic to persistent EMCV infection further indicates the importance of PKR in defining pathogenic outcome after viral infection (185) .
PKR also regulates apoptosis induced in the absence of viral infection. PKR was shown to mediate the apoptosis observed during Alzheimer's disease (269) , induced by oncogene products such as IRF-1 or E2F-1 (21, 269) or triggered in response to dsRNA, TNF-␣, LPS, tunicamycin, serum starvation, or IL-3 withdrawal in hematopoietic cells. The role of PKR in apoptosis in the absence of viral infection was first noted using cells derived from PKR Ϫ/Ϫ mice. PKR-defective MEF are more resistant that wild-type MEF to LPS-, TNF-␣-, or dsRNA-induced apoptosis (390) . A role in TNF-␣-induced apoptosis was first hypothesized as a result of experiments with U937 cells (392) and 3T3 cells expressing a dominant negative version of PKR (K296R) (333) . IL-3 withdrawal from the IL-3-dependent NFS/ N1.H7 cell line induces PKR autophosphorylation and eIF-2␣ phosphorylation and correlates with increased cell death by apoptosis (164), suggesting PKR involvement in apoptosis induced by growth factor withdrawal. Genetic screening for genes involved in endoplasmic reticulum stress-mediated apoptosis, using a randomized ribozyme library, also uncovered a role for PKR in tunicamycin-induced apoptosis and Alzheimer's disease (269) . Analysis of autopsied brain tissues from Alzheimer's disease patients showed accumulation of activated PKR in nuclei. Many of the stimuli that trigger PKR-dependent apoptosis in the absence of viral infection rely on PACT/RAX activation; PACT/RAX mediates PKR activation and subsequent apoptosis in response not only to cytokines and serum withdrawal but also to chemotherapy, ethanol, and viral infection (20) . Alterations in levels of any of the array of PKR viral (and cellular) inhibitors (see the next section) also have a profound impact on apoptosis induction (64, 351) .
Role of PKR Effectors in Apoptosis Induction
Analysis of the role of PKR effectors in mediating cell death suggests an intricate pathway. To distinct degrees, at least eIF-2␣, NF-B, ATF-3, and p53 have been implicated in mediating PKR-induced apoptosis.
The alpha subunit of eIF-2, eIF-2␣, is the best characterized PKR substrate. Initial evidence that PKR phosphorylation of eIF-2␣ is involved in apoptosis induction came from studies showing that PKR-mediated apoptosis can be inhibited by expressing an eIF-2␣ dominant negative mutant (eIF-2␣ 51A) (117, 333) . In this context, expression of the initiation factor mutant partially blocked apoptosis induced by TNF-␣ and serum deprivation in NIH 3T3 cells (333) . It was also shown that expression of an eIF-2␣ 51D mutant, in which the aspartic acid residue mimics a phosphorylated serine, causes apoptosis in COS cells. Using the VV expression system, we also showed that apoptosis induced by PKR expression is prevented by coexpression of an eIF-2␣ 51A mutant (117) . Another study that took advantage of cell lines expressing PKR combined with microarray analysis reported that the eIF-2␣ phosphory- (84) . These observations stress the role of eIF-2␣ phosphorylation in mediating PKR-induced apoptosis. Interestingly, cells lacking another eIF-2␣ kinase, PERK, show decreased eIF-2␣ phosphorylation but increased apoptosis in response to diverse stimuli (8a). The integration among transcriptional and translational regulatory pathways, and not only the eIF-2␣ phosphorylation state, thus ultimately dictates cell fate. NF-B activation by PKR is also involved in apoptosis induction. Using proteasome inhibitors that block IB␣ degradation, or by coexpressing dominant negative forms of IB␣, both of which prevent PKR-induced NF-B activation, we demonstrated that NF-B activity is involved in PKR-triggered apoptosis (117) These observations can appear paradoxical, as NF-B is often classified as a prosurvival factor that prevents apoptosis. There is considerable evidence for the context dependence of NF-B as a pro-or antiapoptotic factor, related to the stimulus that triggers apoptosis. For example, NF-B is a proapoptotic factor in response to viral infection; a prototypic case is the apoptosis triggered by HSV-1 replication. It was demonstrated that HSV-1-induced apoptosis depends on PKR-mediated activation of NF-B (342); moreover, it has been shown unequivocally that cells lacking NF-B are resistant to HSV-1-induced apoptosis (342) . It is tempting to speculate that in circumstances in which viruses are not present, the role of NF-B switches to that of a prosurvival factor, as has been described previously (84) . It would be of interest to understand which NF-B-regulated genes are involved in mediating PKR-induced apoptosis. Candidates include the FasL (182), Fas (17), IRF-1, caspase 1 (37), and p53 (384) genes. ATF-3 involvement in PKR-induced apoptosis was recently shown by gene expression profiling (134) . PKR activation induces and activates the ATF-3 gene, a stress-inducible gene that encodes a member of the ATF/CREB transcription factor family (139, 140) . Other potential mediators of PKR-induced apoptosis are the components of the Arf/p53 pathway. The p53 pathway is a critical regulator of apoptosis (328) , and the relationship between PKR and this pathway has been established at several levels, as outlined above. IRF-1 is another PKR target involved in apoptosis induction. The mechanism of IRF-1 activation by PKR is proposed to involve modulation of IRF-1 DNA-binding activity through IRF-1 phosphorylation (202) . Indeed, this regulation of IRF-1 by PKR is suggested to be responsible for reduced apoptosis in PKR Ϫ/Ϫ MEF in response to LPS, TNF-␣, and dsRNA (202) . IRF-1 expression induces apoptosis and exerts oncogenic effects (379) in a PKRdependent manner (197) .
Connections between PKR and the Apoptotic Machinery
To understand how the activation of PKR effectors regulates apoptosis induction, it is necessary to understand how the apoptotic machinery integrates these signals. PKR-induced apoptosis involves mainly the FADD/caspase 8 pathway (6, 119) , although APAF/caspase 9 activation also is observed during PKR-induced apoptosis (121) . Interestingly, the FADD/ caspase 8 pathway is also activated by type I IFN during virus infection and contributes to the potentiation of cell death in that context. Since caspase 8 is the initiator caspase involved in death receptor-induced apoptosis, this suggests that PKR might engage a death receptor. This hypothesis is reinforced by the observation that pIC-induced apoptosis is deficient in FADD knockout cells (6) . Expression of a FADD dominant negative mutant or MC159L (from MCV) by using VV recombinants blocks PKR-induced apoptosis and decreases caspase 8 activity, showing that PKR triggers apoptosis through FADDmediated activation of caspase 8 (119) . By using murine cell lines expressing wild-type PKR or a catalytically inactive PKR variant (PKR⌬6) in a tetracycline-inducible manner, PKR was found to induce expression of the proapoptotic proteins Fas and Bax. In contrast, cells expressing PKR⌬6 had low levels of Fas, TNFR1, FADD, FLICE, Bad, and Bax transcripts and high levels of some antiapoptotic proteins such as Bcl2 (6) .
The nature of the connection between PKR induction and FADD activation of caspase 8 remains to be clarified. As noted above, several reports have shown that the Fas death receptor is upregulated during PKR-induced apoptosis (6) . In several studies, however, no connection was found between different death receptors and PKR-dependent apoptosis (6, 119) . Untested death receptors might still be involved, or, alternatively, an atypical pathway could engage FADD during PKR-induced apoptosis. Novel roles for FADD have been recently reported (5), although they do not appear to involve PKR. PKR activation might promote the formation of a death-inducing signaling complex, enhancing Fas, FADD, and caspase 8 levels; as a result, PKR cannot activate apoptosis if one of them is absent (as in FADD Ϫ/Ϫ cells) (6) . Initial studies showed that apoptosis induced by PKR overexpression is prevented by overexpression of Bcl-2 or Bcl-2 homologues such as African swine fever virus A179L (31, 217) . Bcl-2 proteins act at the mitochondrial level; consequently, those results suggest that the mitochondrial APAF/caspase 9 pathway also has a role in PKR-induced apoptosis. PKR expression by VV recombinants induces caspase 9 activation, which correlates with Bax protein translocation to the mitochondria and cytochrome c release to the cytoplasm, resulting in mitochondrion depolarization (121) . The PKR-induced caspase 9 biochemical process occurs downstream of caspase 8 activation, as treating cells with an inhibitor of caspase 9 results in partial prevention of PKR-induced apoptosis (121, 161) .
PKR REGULATION OF CELL GROWTH AND DIFFERENTIATION
The multiple effects of PKR in translation, transcription, and apoptosis, described in the preceding section, have an impact on cell growth. The first evidence that PKR controls cell growth, and consequently may function as an inhibitor of cell proliferation, was obtained after expression of PKR, which suppresses growth in mammalian, insect, and yeast cells (55, 246) . Conversely, expression of several PKR mutants leads to malignant transformation of NIH 3T3 cells and causes tumorigenesis in nude mice (13, 85, 198) . PKR also controls cell differentiation, and its own levels oscillate during the cell cycle, as we discuss below.
Despite the many implications of PKR in cell growth and differentiation, PKR knockout mice do not develop spontaneous tumors or display aberrant cell growth, although they show defects in IFN-and dsRNA-mediated signaling (202) . However, MEF derived from two PKR knockout mouse strains were shown to express truncated PKR proteins that retain the active catalytic or regulatory domain (8) .
Regulation of PKR Activity during the Cell Cycle
PKR activity varies during the cell cycle, with highest levels in early G 1 and a second peak at the G 1 /S boundary. These changes in PKR activity do not correlate with changes in protein levels, suggesting that posttranslational regulation is operating (284, 396) . Cells expressing the catalytic inactive form of PKR or lacking PKR have a prolonged G 1 phase, with fewer cells engaged in S phase. These results suggest that PKR may have a role in cell cycle progression (284, 396) .
PKR Control of Cell Differentiation
PKR regulates cell differentiation to different lineages. Inhibition of endogenous PKR activity by a dominant negative mutant of PKR interferes with myogenesis of murine C2C12 cells (303) . In contrast, PKR overexpression during myogenesis causes induction of the cyclin-dependent kinase inhibitor p21
WAF1 and an increase in the level of the underphosphorylated active form of the tumor suppressor protein pRb, together with cyclin D1 and c-myc downregulation (199) . Osteoblast differentiation and calcification through modulation of STAT1␣ and/or Runx2 expression by PKR has been also described (249) .
In the skin, PKR is constitutively expressed in epidermal and epithelial keratinocytes. PKR is necessary for keratinocyte differentiation, since loss of PKR in these cells induces increased cell proliferation and altered keratinocyte differentiation (204) . Transient PKR expression in mouse embryonic 3T3-F442A fibroblasts induces adipocyte differentiation, concomitant with G 0 /G 1 growth arrest at confluence prior to differentiation (380) .
PKR also controls the growth of mature T lymphocytes (178) , indicating an influence of PKR on the immune system. Since dsRNA is produced during virus infection and in normal cells, PKR activation is predicted to have a role in the expression of immunomodulatory molecules. In fact, noncoding regulatory small RNAs have been observed in stimulated lymphocytes, which activate PKR and the NF-B pathway, inducing cytotoxic T-lymphocyte and IFN-␥ responses (372) .
Effects of PKR-Inhibitory Proteins on Cell Growth
The role of PKR in controlling cell proliferation is further indicated by the dramatic effects caused by overexpression of different PKR inhibitors. This was first shown in p58 IPK -overexpressing cell lines that are transformed (14) ; almost all PKR inhibitors studied have similarly been shown to cause oncogenic transformation. For example, TRBP overexpression also results in malignant transformation (19) . The viral protein NS5A, encoded by HCV, has oncogenic potential, and this property has been attributed to its ability to bind to PKR and inhibit PKR function (104, 113, 126, 261) . The VV-encoded E3L protein also inhibits PKR and transforms NIH 3T3-E3L cells. Cells expressing E3L grow more rapidly than control cells and cooperate with H-Ras in a focus formation assay. Transformed NIH 3T3-E3L cells form solid tumors when injected into nude mice (109) . The EBER RNA encoded by EpsteinBarr virus also inhibits PKR and contributes significantly to the oncogenic properties of Epstein-Barr virus (385) .
Tumor Suppressors and Oncogenes That Regulate PKR Action
PKR is regulated by several tumor suppressors and is consequently involved in mediating their action. For example, MDA7 induces apoptosis in a wide range of cancer cells through the activation of various signal transduction pathways (247, 275, 276, 306) , one of which is involved in PKR activation. The 3Ј untranslated regions of tropomyosin, troponin, and cardiac actin function as tumor suppressors. It was recently proposed that these mRNAs activate PKR and that this is the mechanism behind their tumor suppressor activity (71, 263) . IRF-1 is deleted in leukemias and acts as a tumor suppressor in mouse models (21) . PKR is suggested to mediate the growth-inhibitory activities of IRF-1 (77, 197, 202) . Finally, PKR could also regulate some p53 functions. PKR regulates TNF-␣-induced p53-dependent apoptosis in U937 cells; in addition, PKR can interact directly with p53 and phosphorylate it. Although the precise mechanism involved in PKR-p53 regulation is still unknown, the ability of p53 to impose cell cycle arrest and regulate transcription of its target genes is impaired in PKR Ϫ/Ϫ MEF. p53 activation in response to adriamycin or gamma irradiation is also inhibited in PKR knockout cells (47) .
Several oncogenes inhibit PKR action. NPM is an oncogene product that inhibits PKR through direct interaction (273); a clear example is seen in Karpas 299 cells isolated from a nonHodgkin's T-cell lymphoma harboring the NPM/ALK translocation, in which PKR is kept repressed (99a). As discussed previously, NPM also links PKR with the tumor suppressor Arf (108) . Hsp90 functions as a repressor of PKR and is overexpressed in different cancer cells (32) . Ras and v-mos can inhibit PKR apoptotic activity. Ras inhibits PKR autophosphorylation, by a mechanism still under study (336) . A Ras-inducible PKR-inhibitory activity termed RIKI, which prevents PKR activation through dephosphorylation of the enzyme, has been identified (253) . Raveh et al. demonstrated the existence of a link between PKR and c-Myc suppression (292) . Further experiments indicated that PKR is directly involved in c-Myc downregulation, which is responsible for the IFN-induced inhibition of cell growth (319) .
PKR Regulation of Transcription Factors
The transcription factor E2F-1 induces cell cycle progression but if deregulated can cause cell death. PKR was recently identified as an E2F-1-induced gene product with a role in regulating E2F-1-mediated apoptosis (369) . Concurring with these results, E2F-1 overexpression induces PKR expression and autophosphorylation (Fig. 5) , leading to phosphorylation of its downstream target eIF-2␣ and to apoptotic cell death in a variety of carcinoma cells (367, 369) . PKR can interact with STAT1 to regulate its DNA-binding activity (381) ; PKR also can interact with and activate STAT3 in response to the cell growth regulator factor PDGF (73) . PKR activates NF-B, which regulates diverse genes encoding cytokines, growth factors, cell adhesion molecules, and pro-and antiapoptotic pro- (115) . Finally, PKR induces and activates the transcription factor ATF-3, a stress-inducible factor that promotes cell death and cell arrest, and is able to suppress Ras-mediated tumorigenesis (231) .
Role of PKR in Human Tumorigenesis
The PKR gene is located in human chromosome 2p21-22, which is frequently rearranged in myeloproliferative diseases such as leukemia, myelodysplastic syndromes, and malignant lymphomas (12, 25, 149) . For example, Jurkat cells express high levels of a truncated version of PKR (PKR⌬E7) resulting from an alternative spliced form of PKR (228) . Several leukemia-derived cell lines do not have active PKR (1, 226, 256) . Furthermore, a number of human leukemias and myelodysplasias have reduced PKR expression levels (21) . A recent study with patients with chronic lymphocyte leukemia (B-CLL) showed that of 28 patient samples examined, 21 had no PKR activity despite the presence of a full-length protein; PKR from these patients could not be activated or phosphorylate substrates (154) . It should be determined whether these cells have increased levels of some PKR inhibitor. Increased PKR levels have been observed in a broad range of human tumors (142) (143) (144) (145) , although it is not known whether loss of PKR activity by inactivating mutations or overexpression of PKR inhibitors in these tumors resulted in higher kinase levels. Other studies have reported increased PKR expression and activity levels in colon and breast cancer, as well as in melanoma and hepatocellular carcinoma (75, 194, 195, 264) . In peripheral adenocarcinoma of the lung, patients with high-grade PKR expression had significantly shorter survival periods than those with lowgrade PKR expression (298) . In lymph node-negative rectal cancer, PKR expression levels were associated with disease recurrence (205) . Further studies showed that increased expression of PKR correlates with better patient prognosis for certain tumors, and normal tissues tend to have lower PKR levels than their neoplastic counterparts (323, 356, 357, 400) .
PKR as a Target in Cancer Therapy
Several cancer drugs act by modulating PKR action. Geldamycin and radicicol, anticancer drugs that have been studied in phase I clinical trials, are able to inhibit the chaperone Hsp90, allowing PKR activation (83) . This is proposed to be one mechanism by which these drugs exert their antitumor effects. Clotrimazole is an anticancer drug that functions by depletion of intracellular Ca 2ϩ stores and has antitumorigenic action, caused in part by activation of PKR, phosphorylation of eIF-2␣, and inhibition of translational initiation (288, 332) . Gene therapy with an adenoviral vector allows high local doses of TNF-␣ that function as antitumoral in esophageal cancer cell lines by inducing apoptosis. It is suggested that adenovirus-TNF-␣-mediated apoptosis is dependent, in part, on PKR upregulation (366) . The regulatory B16 RNA, obtained from lymphocytes of animals immunized with the metastatic melanoma B16 cell line, exert antitumor effects by activating NF-B through PKR activation (325) .
Several strategies have been designed to take advantage of the tumor suppressor properties of PKR. Recent work showed that dsRNA induction using replicase-based plasmids during vaccination disrupts immune tolerance. PKR and RNase L could be involved in stimulating the immune system. PKR activation could thus serve as a valuable adjuvant for strategies involving vaccination against tumors (223) . Several studies have exploited antisense RNA complementary to fragments flanking genes deleted in cancer. This method allows the production of dsRNA that activates PKR only in tumor cells. PKR activation by this mechanism causes apoptosis in glioma cells (324, 325) . A lentiviral vector expressing the 39-nucleotide antisense sequence strongly inhibited glioblastoma growth in mouse brain when injected after tumor cell implantation. This PKR-mediated killing strategy may be useful in treating many cancers that express a unique RNA species. Several phase I clinical studies used defective viruses able to grow only in PKR inactive cells, such as herpes simplex virus defective in ICP 34.5 protein, for specific regression of malignant glioma (241, 291) . This is an open field that deserves future exploration.
CONCLUDING REMARKS
Whereas IFN exert many effects on cells, from antiviral to antitumor, since their discovery it was anticipated that these effects were due to the action of products encoded by various IFN-induced genes. PKR is among those identified thus far that fulfill the broad antiviral and anticellular actions of IFN. Extensive biochemical and genetic work has been carried out with this serine/threonine kinase enzyme in the last 20 years. The recent observations of tyrosine phosphorylation on PKR open new avenues for exploration of biochemical functions. With the recent elucidation of the three-dimensional structure of PKR in association with its main substrate, eIF-2␣, it has become clear that this enzyme is a critical player in translational control. Because eIF-2 levels are limited in cells, PKR phosphorylation of eIF-2␣ is a rate-limiting step that tells the cell to stop protein synthesis. PKR is thus a "vigilante" for manufacturing the desirable proteins in the cell. When eIF-2␣ is phosphorylated, the cell discontinues translation of most mRNAs, and synthesis of undesirable proteins, as during virus infection, will stop. The cell either survives if the initial infection is controlled or commits suicide (apoptosis) if there is continuous activation of PKR, as during a productive virus infection.
The dsRNA molecule acts as a trigger for PKR autophosphorylation. While it has been established that dsRNAs are by-products during virus infection, that TLR3 is the receptor for dsRNA, and that PKR is also a sensor of dsRNA, it remains to be defined how dsRNA molecules are produced in normal cells, what is the inducer, and whether there is a common pathway for dsRNA transport. The use of specific monoclonal dsRNA antibodies will help unravel the localization of dsRNA molecules in normal cells and during virus infections. Similarly, antibodies to phosphorylated PKR can be used to colocalize both dsRNA and activated PKR by confocal microscopy. dsRNA size is critical for PKR activation; this is particularly important in experiments with siRNA, in which PKR can be activated nonspecifically by small RNAs. While eIF-2␣ is undoubtedly the main PKR substrate, other substrates have been identified, such as phosphatase 2A. Future studies should characterize all PKR substrates, since PKR interacts physically with a variety of molecules involved in cell signaling and apoptosis, as described in this review.
The fact that most animal viruses have developed strategies to counteract PKR action highlights the relevance of this unique enzyme in host defense. We have reviewed the RNA and DNA virus families that use viral genes to subvert PKR effects. While some viruses use similar anti-PKR mechanisms, i.e., sequestering PKR or the activator dsRNA, others use different strategies, such as encoding eIF-2␣ decoys, enhancing PKR degradation, or overexpressing small RNA inhibitors. It is notable that the large DNA-containing viruses, such as poxviruses and herpesviruses, use an array of genes to counteract PKR and IFN. New findings will most likely emerge in the near future, broadening the spectrum of viral gene effects that antagonize PKR and IFN effects, as we obtain further insights into the PKR signaling mechanisms. This is an active area of research.
While many genes are implicated in the signaling of PKR action, it is predicted that microarray studies, genetic approaches, and biochemical assignment of functions will define common pathways. The genome-wide profiling analysis of host genes that are induced or repressed under different PKR activation conditions will provide the means to identify new genes in PKR signaling pathways. The recent identification by microarray analysis of ATF-3 as being involved in PKR-induced apoptosis coincides with this prediction. How many pathways are involved in PKR action? From the findings described in this review, it is clear that PKR intervenes in various pathways involving TLR1, -3, and -4 ( Fig. 3 and 4) . The differential interaction of PKR with adapter molecules such as TRAF2, -3, and -6 might influence gene transactivation through AP1, NF-B, or IRF-3/7. Why PKR interacts with so many molecules is unclear, but might be due to a selective requirement marked by the host response to a given stimulus. It is recognized that PKR can be activated by host factors such as PACT, and maybe others, but PACT is the only well-characterized molecule that induces PKR activation (Fig. 5) . Obviously, the cell reacts to PKR activation through recruitment of host proteins that antagonize PKR effects (Fig. 5) . Further studies are needed to define how these antagonists act on PKR and whether new host molecules can be identified in PKRactivated cells of various origins.
While PKR is a potent inducer of apoptosis, it has been established that apoptosis induction requires FADD/caspase 8 and mitochondrial APAF/caspase 9 pathways. The nature of the connection between PKR induction and FADD activation of caspase 8 needs further clarification. It has been proposed that caspase 8 and 9 pathways are triggered as a result of a translational block by eIF-2 phosphorylation and through NF-B activation. Since NF-B is a transcriptional factor that acts as an antiapoptotic trigger, it cannot be excluded that under stress conditions, such as a virus infection, NF-B is activated by PKR. This in turn triggers transcription of apoptotic genes, as proposed for cells expressing PKR and infected with VV. When PKR is activated in normal cells, NF-B is induced and antiapoptotic genes that counteract PKR induction of apoptosis are expressed. Both mechanisms might operate in cells, depending on the stimuli. This issue should be resolved using MEF derived from mice deficient in various genes of the signaling/apoptotic cascade. There is also the issue of whether PKR catalytic activity is needed for NF-B activation, as experiments giving results supporting and opposing this possibility have been reported. The apparent differences might be due to the cell systems used, i.e., uninfected versus virus infected. Another issue is to what extent PKR, TLR3, and RIGI contribute to IFN type I induction in different cells and tissues. Further work is needed in these areas.
A role has been recognized for PKR in the immune system, since it controls the growth of mature T lymphocytes. These effects could be mediated by dsRNA produced during virus infection and by noncoding regulatory small RNA as described for stimulated lymphocytes from uninfected cells. Active PKR and the NF-B pathway were shown to trigger cytotoxic Tlymphocyte and IFN-␥ responses after treatment with regulatory small RNA. PKR activation of immune cells is predicted to lead to expression of immunomodulatory molecules. This important area of research should be exploited in the vaccine and gene therapy fields.
A question that has not yet been answered is why PKR knockout mice do not develop tumors, while cells expressing a catalytically inactive PKR are transformed and can induce tumors in nude mice. It was proposed that PKR acts as a tumor suppressor, and experiments with results supporting and opposing this possibility have been discussed in this review. It is significant that almost all PKR inhibitors studied were shown to cause oncogenic transformation and that several tumor suppressors regulate PKR. Reduced PKR activity has been associated with human tumorigenesis, although other studies showed increased PKR expression in different tumors. Undoubtedly, more studies with human tissue are needed to clarify the role of PKR in tumor progression. Indeed, PKR could serve as a surrogate marker in cancer. This will require examination of the levels of PKR and its activity throughout tumor development to ascertain whether there is a relationship between tumor growth and PKR activity. PKR is considered a target for cancer therapy. The concept is to selectively activate PKR to induce apoptosis and destroy tumor cells.
While from in vitro and in vivo systems PKR has been shown to have a clear role in the control of virus infections, it remains to be defined whether resistance and sensitivity of humans to viral infections (whether lytic or chronic such as in HIV, hepatitis, and other diseases) are linked to the levels and/or presence of an active or inactive PKR in target tissues. Alternatively, PKR action could be suppressed with inhibitors to allow cell growth, as might be needed, for example, to maintain the viability of cells in the central nervous system. The finding of activators and inhibitors of PKR action is an area of interest to the pharmaceutical industry and should be developed using libraries of chemical compounds. The use of cytolytic viruses that grow preferentially in tumor cells with low PKR activity levels is also a promising approach for selective destruction of tumor cells without hampering growth of normal cells, as these cells have active PKR and virus replication will be halted. This area of research is being pursued actively, and we will learn the results in the near future.
Overall, PKR is a crucial determinant of the host defense mechanism, acting at various levels and sensing whether the cell lives or dies. Emerging studies will provide further insights into the mode of PKR action, as well as its potential utility as an antiviral and antitumor effector molecule. 
